The role of blue light in plant growth and development was investigated in soybean (Glycine max [L.] Merr. cv Williams) and sorghum (Sorghum bicolor [L.] Moench. cv Rio) grown under equal photosynthetic photon fluxes (=500 micromoles per square meter per second) from broad spectrum daylight fluorescent or blue-deficient, narrow-band (589 nanometers) low pressure sodium (LPS) lamps. Between 14 and 18 days after sowing, it was possible to relate adaptations in photosynthesis and leaf growth to dry matter accumulation. Soybean development under LPS light was similar in several respects to that of shaded plants, consistent with an important role for blue light photoreceptors in regulation of growth response to irradiance. Thus, soybeans from LPS conditions partitioned relatively more growth to leaves and maintained higher average leaf area ratios (LAR) that compensated lower net assimilation rates (NAR). Relative growth rates were therefore comparable to plants from daylight fluorescent lamps. Reductions in NAR were matched by lower rates of net photosynthesis (A) on an area basis in the major photosynthetic source (first trifoliolate) leaf. Lower A in soybean resulted from reduced leaf dry matter per unit leaf area, but lower A under LPS conditions in sorghum correlated with leaf chlorosis and reduced total nitrogen (not observed in soybean). In spite of a lower A, NAR was larger in sorghum from LPS conditions, resulting in significantly greater relative growth rates (LAR was approximately equal for both light conditions). Leaf starch accumulation rate was higher for both species and starch content at the end of the dark period was elevated two-and three-fold for sorghum and soybean, respectively, under LPS conditions. Possible relations between starch accumulation, leaf export, and plant growth in response to spectral quality were considered. evaluate the role of shorter wavelengths during broad spectrum illumination, it is possible to determine the photomorphogenetic action of blue and UV radiation against a background of high PPF3 provided by LPS lamps (23). LPS lamps, direct arc sources emitting mainly at 589 nm, are efficient sources of photosynthetically active radiation that emit relatively low levels of IR radiation and heat (17, 22) . Possibly because they lack a blue light component, LPS lamps used alone tend to produce elongated, chlorotic plants with low DM (23, 28, 29) .
evaluate the role of shorter wavelengths during broad spectrum illumination, it is possible to determine the photomorphogenetic action of blue and UV radiation against a background of high PPF3 provided by LPS lamps (23) . LPS lamps, direct arc sources emitting mainly at 589 nm, are efficient sources of photosynthetically active radiation that emit relatively low levels of IR radiation and heat (17, 22) . Possibly because they lack a blue light component, LPS lamps used alone tend to produce elongated, chlorotic plants with low DM (23, 28, 29) .
Red-biased light sources (including LPS lamps) enhance leaf carbohydrate levels (4, 9, 12, 26, 28) . Spectral quality effects on photosynthate partitioning may be important to photomorphogenesis, since elevated end-of-day starch levels in leaves are associated with morphological changes such as increased shoot-to-root ratios in soybeans (5, 10) . Consequently, the following study was undertaken to investigate the relationship between long-term blue light exposure and plant growth in relation to carbon assimilation, leaf carbohydrate storage, and rates of assimilate export in soybean, a C3 dicot, and sorghum, a C4 grass. Both species respond to the balance between red and blue light (28) . Moreover, it was possible to select a specific leaf at a well-defined developmental stage for detailed study as a major source of photoassimilates during this time period. DLF and LPS lamps were chosen as broad spectrum and low blue light sources, respectively, and were adjusted to provide approximately equal and relatively high PPF. These studies are relevant to ecological problems such as adaptation to shade and perception of photoperiod (20) as well as to the selection of lamps for controlled environments (24) .
Much recent work on effects of spectral quality during photoautotrophic growth has focused on the role of red/farred ratios and phytochrome (20) , but UV and blue light photoreceptors are also important for plant growth and development either independently or in conjunction with phytochrome (6) . Although interactions between photosynthesis and photomorphogenetic photoreceptors make it difficult to ' Dedicated to the memory of Ruth Satter whose enthusiasm for science and life remains a model for all. 2 Current address: National Aeronautics and Space Administration, (25) .
Total N was determined for lyophilized leaf samples collected 7 h into the light period. Aliquots (~20 mg) were subjected to flash combustion and oxidation in an automated system (model ANA 1500, Erba, Milan, Italy). Soybean leaf samples of known total N content were used as standards.
All results were expressed on the basis of RDM (DM minus starch and soluble sugar content) to remove the bias introduced by inclusion of large amounts of nonstructural carbohydrates in DM estimates. Indicated values are averages of triplicate assays for each of the two replicate samples and two replicate experiments for a given harvest or series of harvests. Significance of differences between means was determined from two-sided t-tests.
RESULTS

Comparison of Light Sources
Both lamps had similar, low, near-IR and longwave IR integrals (Table I ). Shorter wavelength emission from LPS lamps was concentrated at 589 nm with less than 0.17% of the output between 300 and 500 nm, whereas 29% of the output of DLF lamps occurred between 300 to 500 nm ( Fig.  1 , Table I ). In spite of large differences, functional comparability between the two sources was estimated by normalizing lamp spectra against photosynthetic action spectra and by calculating phytochrome photostationary state and cycling rate (18) . LPS lamps were estimated to be 15% more efficient for photosynthesis than DLF lamps at equal, limiting PPF (Table I) because emission was concentrated close to the action maximum for photosynthesis. LPS lamps were also estimated to transform phytochrome more completely into Pfr than DLF because extinction coefficients for Pr increase slightly relative to those for Pfr in the vicinity of 600 nm. In fact, calculated photostationary states for LPS and DLF (Fig. 2 ). These differences were reflected as significant decreases between days 14 and 18 in the percentage of DM in the leaves (data not shown) as well as in LAR (Table II) and indicate decreased partitioning of resources to leaves. In contrast, soybean plants from LPS conditions maintained approximately equal RGR for leaf, shoot and root DM accretion and for LA expansion (Fig. 2) . As a result, relative leaf DM (data not shown) and LAR (Table II) remained constant for the duration of the experiment. Differences in partitioning to the leaves were important, since comparatively large LAR compensated for reductions in NAR with the result that RGR for total dry matter, calculated by either method, were about the same under both light conditions (Table III) . RGR for DM accretion in sorghum (whole plant, leaves, stem and roots) were significantly greater under LPS illumination ( Fig. 2 ; Table III ) and appeared to result from increased NAR, since LAR were comparable (Table III) . As with soybean, there was good correspondence between RGR calculated either directly or as the product of LAR and NAR.
Assimilation Rate, Chi, Total N, and Carbohydrate
Content
Alterations in NAR indicate that changes in A may accompany adaptation of soybean and sorghum to blue light-deficient LPS conditions. Consequently, whole-leaf CO2 exchange rates were determined at the midpoint of the experiment, 16 d after sowing, for the most recent, fully expanded leaves, TF, in soybean, and L5 or L6 in sorghum. TF, at this time had reached 95% of full expansion under both light sources, accounting for about one-third of total LA in both cases. The rate of leaf initiation in sorghum, unlike in soybeans, was affected by light quality. Thus, L5 of LPS plants and L6 in DLF plants reached full expansion (appearance of the ligule above the subtending leaf sheath) by 16 d after planting. L5
and L6 comprised almost one-half and one-third of total LA for plants from LPS and DLF conditions, respectively. The selected leaves represented the major source of assimilates for the period 14 to 16 d after sowing. In fact, the contribution ofthe selected leaves to whole plant assimilation was probably greater than suggested by LA, since total LA included both developing and older leaves with lower rates of A. L5 and L6 were assumed to be compaable based on date of initiation (chronological age), LA and SLM (see below). * Assimilation rates were about 15% lower under LPS illumination for both soybean and sorghum when based on LA (Table IV) . Most important from the standpoint of whole plant assimilation, increased LA under LPS conditions (Table  V) compensated for this reduction such that A on a whole leaf basis was equal for both species and light treatments (Table IV) . Several other alterations in source leaves were noted. SLM was significantly less under LPS conditions (Table V) , consistent with the formation of broader, thinner leaves (13) . The effect was more pronounced for soybean leaves. In addition, leaf Chl contents were lower under LPS conditions, particularly for sorghum (Table V) . Consequently, A calculated with respect to RDM or total Chl for TF, were on average significantly greater (20 and 33%, respectively) under LPS light (Table IV) . Assimilation rate based on total Chl was 27% greater for sorghum under LPS light (Table IV) , but A remained lower on an RDM basis (Table IV) .
Chlorosis of sorghum leaves was associated with a significant 13% reduction in total N ( Table V) . The much smaller reduction in Chl in soybean leaves (9%) was not accompanied by a loss in total N. In addition, no differences in the ratio of Chl a to Chl b were observed with respect to light treatment for either species.
The most dramatic alterations in leaf composition in response to LPS treatment were noted for starch which was 167% and 72% greater on a RDM basis at the start of the light period for soybean and sorghum, respectively (Table V) (Table VI) , expressed as a percentage of A, was calculated from the difference between A (determined as carbohydrate and constant during the light) and total SLM accumulation during the photoperiod (8) . Approximately 20% less photosynthate was exported from soybean leaves grown under LPS light, about three-quarters of which could be accounted for by increased starch accumulation ( Table  VI ). Note that starch accumulation and export were determined by independent methods. Estimated export was higher for sorghum and did not vary with light treatments (Table  VI) . Small differences in partitioning into starch with respect to light treatment were thus not correlated with discernible differences in leaf export.
DISCUSSION
Although LPS and DLF light sources were comparable with respect to standardized tests of photosynthesis and phytochrome action (Table I) , initial growth of soybean and sorghum under LPS conditions was inhibited relative to broad spectrum DLF illumination as indicated by significantly lower DM 14 d after planting (Table II) . However, various morphological or physiological adaptations apparently halted or reversed the early inhibition, since total DM RGR for the subsequent 4 d period (Fig. 2 , Table III) were either equal for the two light treatments (soybean) or greater under LPS light (sorghum). In soybean, these adaptations appeared to involve a shift in DM allocation such that leaf growth equaled that of the stem and root. Leaf expansion was also maintained at a greater rate resulting in larger LAR under LPS conditions essential to compensate reduced NAR. The importance of compensatory adjustments of LA was demonstrated by A, lower under LPS illumination on a LA basis but equal for both light treatments on a whole leaf basis. The significance of LA maintenance has been noted previously (14, 15) .
In contrast to soybean, alterations in DM partitioning between root and shoot of sorghum were small, LAR was more constant, and leaf DM RGR were equivalent to that for stem and root. Overall increases in RGR for the whole plant and individual parts were associated with increased NAR. NAR is a whole plant parameter integrated over one or more days taking into account A, respiration and factors such as canopy architecture and light penetration. In spite of these potential complications, a 15% reduction in A on a LA basis under LPS illumination was reflected in similar reductions in NAR for soybean. The situation in sorghum, however, was quite different. NAR was 17% higher for LPS-grown plants whereas A was 15% lower. Resolution of the discrepancy will require more detailed studies considern possible complications in the relation between A and NAR (e.g. changes in A over the 4 d measurement period, contribution from other leaves, dark respiration). Note, NAR for sorghum was a smaller percentage of daily A than in soybean.
Effects of spectral quality on A have been noted in other studies. Barley, swiss chard, cucumber and kidney bean grown under red radiation all had lower A on a leaf area basis than did plants grown under blue light (1 1, 27 ). The differences were not explained. Thus, it is interesting that similar reductions in A on an area basis (_ 15%) in soybean and sorghum appear related to different factors, a large reduction in RDM per unit LA in soybean and Chl deficiency in sorghum (Table  V) . Fe-deficiency has been suggested as a cause of chlorosis under LPS treatment (2) . However, A remained approximately constant based on Chl in leaves of sugar beet rendered chlorotic by Fe-stress (21) , unlike A in soybean and sorghum. In fact, increased A on a Chl basis in leaves of LPS lightgrown soybean and sorghum was about double that predicted by the spectral analysis (Table I) . It is not clear if changes in A represent actual modifications in photochemical or metabolic efficiency of photosynthesis in response to spectral quality (19) or, alternatively, reductions in nonessential, lightharvesting Chl under LPS conditions. Note that A on a whole leaf basis (the unit of significance for the plant) was not affected by light quality (Table IV) .
A major purpose of this study was to relate photomorpho- 
